12 United States Patent

Dong et al.

US010283598B2

US 10,283,598 B2
May 7, 2019

(10) Patent No.:
45) Date of Patent:

(54) III-V HETEROJUNCTION FIELD EFFECT
TRANSISTOR

(71) Applicant: Hangzhou Dianzi University,
Hangzhou (CN)

(72) Inventors: Zhihua Dong, Hangzhou (CN); Zhiqun
Cheng, Hangzhou (CN); Guohua Liu,
Hangzhou (CN); Huajie Ke, Hangzhou
(CN)

(73) Assignee: Hangzhou Dianzi University,
Hangzhou (CN)
(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by O days.

(21) Appl. No.: 15/755,424

(22) PCT Filed: May 2, 2017

(86) PCT No.: PCT/CN2017/082738
§ 371 (c)(1).
(2) Date: Feb. 26, 2018

(87) PCT Pub. No.: WQ02017/190643
PCT Pub. Date: Nov. 9, 2017

(65) Prior Publication Data

US 2018/0254326 Al Sep. 6, 2018
(30) Foreign Application Priority Data
Oct. 27, 2016 (CN) .oeeieii 2016 2 1179373 U

(51) Int. CL
HOIL 29/78
HOIL 29/205

(2006.01)
(2006.01)

(Continued)

i ’

= ———
e g ———
il < 2
e O
_______________ P .

(52) U.S. CL
CPC ... HOIL 29/205 (2013.01); HO1L 29/41766
(2013.01); HOIL 29/42368 (2013.01);

(Continued)

(58) Field of Classification Search
None
See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

8,803,158 B1* 82014 Chmu ................... HO1L 29/2003

257/194

9,525,054 B2* 12/2016 Chiang ............... HO1L 29/7783
(Continued)

Primary Examiner — Minh Loan Tran
(74) Attorney, Agent, or Firm — Wang Law Firm, Inc.

(57) ABSTRACT

Disclosed 1s a novel III-V heterojunction field effect tran-
sistor comprising a substrate layer, a first semiconductor
layer, a second semiconductor layer, a drain electrode, a
source electrode, a gate electrode, a first dielectric layer,
second dielectric layers and the like, wherein the first
semiconductor layer has a greater bandgap compared with
the second semiconductor layer, and the second semicon-
ductor layer and the first semiconductor layer are combined
to form a heterostructure. The thickness of the first semi-
conductor layer 1s not greater than the critical thickness of
two-dimensional electron gas formed in a heterojunction
channel, and thus natural 2DEG 1n the heterojunction chan-
nel 1s depleted. The novel I1I-V heterojunction field effect
transistor has the advantages of being simple 1n structure,
simple 1n preparation process, stable in performance, high 1n
reliability and the like.
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IHI-V HETEROJUNCTION FIELD EFFECT
TRANSISTOR

BACKGROUND OF THE INVENTION

Technical Field

The application relates to the technical field of semicon-
ductor devices, 1n particular to a novel 11I-V heterojunction
field efiect transistor.

Description of Related Art

Certain binary or ternary compounds (even polycom-
pounds) prepared from group-III elements and group-V
clements have spontancous polarization and piezoelectric
polarization eflects, and when the binary or ternary com-
pounds (even the polycompounds) are combined to form a
heterojunction (such as AlGaN/GaN), high-concentration
two-dimensional electron gas (2DEG) can be formed on a
heterojunction interface, and a device using the 2DEG on the
heterojunction interface as a channel 1s called a heterojunc-
tion field effect transistor (HFET) and can also be called a
high electron mobility transistor (HEMT).

The HFET device has the characteristics of high electron
mobility, high operating frequency and high efliciency and
has extremely important application 1n the fields of radio
frequency power amplifier and power semiconductor elec-
tronics. However, up to now, taking an AlGaN/GaN HFET
as an example, the HFET device has a natural defect 1n that
due to extremely powerful spontaneous polarization and
piezoelectric polarization, high-concentration 2DEG  1s
formed on the heterojunction interface 1n the absence of any
external voltage, and the HFET device 1s naturally depleted
(normally on). The application of the HFET device to a
logical circuit and a power electronic circuit 1s limited by the
defect of the HFET device, the logical circuit needs logic
compensation based on a enhancement-mode (normally off)
and a depleted (normally on) device, and for ensuring safety
and saving energy, the power electronic circuit also needs
enhancement-mode (normally off) devices. As 1s shown 1n
FIG. 1, which 1s a sectional view of the depleted I1I-V HFET
device 1n the prior art, the depleted III-V HFET device
comprises a substrate layer 9, a second semiconductor layer
10, a first semiconductor layer 14, two-dimensional electron
gas 11, a drain electrode 12, a source electrode 13, a gate
dielectric layer 15 and a gate electrode 16, wherein the
second semiconductor layer 10 and the first semiconductor
layer 14 form a heterostructure, and as the thickness of the
first semiconductor layer 14 exceeds the critical thickness 1n
the prior art, 2DEG exists on a heterojunction interface,
namely the interface between the first semiconductor layer
and the second semiconductor layer, due to piezoelectric
polarization and spontancous polarization of the material
system under the condition that no external voltage 1s
applied.

In the prior art, an enhancement-mode HFET device 1s
obtained generally through the following several methods:

An F~ 1on implantation technique for a channel below a
gate electrode: specifically, F negative 1ons are implantation
into a barrier layer below the gate electrode, electrons 1n the
channel below the gate electrode are depleted by means of
the negative potential, and a positive threshold voltage of the
device (namely the enhancement-mode device) 1s realized.

A trench gate technique: specifically, a barrier layer below
a gate electrode 1s partially thinned through the dry etching
technique, and 2DEG below the gate electrode 1s depleted
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2

when the thickness of the barrier layer 1s smaller than the
critical thickness. 2DEG can be induced again only when the
gate voltage 1s higher than a certain voltage, and thus the
enhancement-mode device 1s realized.

As for a device adopting a P—AIlGaN layer, the p-AlGaN
layer 1s additionally arranged below a gate electrode, and
2DEG 1n a channel 1s depleted under the balancing effect of
an energy band.

The techniques mentioned above have different disadvan-
tages; specifically, the F-ion implantation technique has
problems in the aspects of ensuring reliability and obtaiming
a larger threshold value, the trench gate technique has large
difficulties 1n the aspect of process control, and the P—Al-
GaN technique has the defects of diflicult material growth,
low switching frequency of the device and the like.

Therelore, 1t 1s truly necessary to make a study to provide
a scheme to overcome the defects in the prior art.

BRIEF SUMMARY OF THE INVENTION

On this account, the present application mainly aims to
provide a novel 11I-V heterojunction field eflect transistor so
as to solve the above problems.

One embodiment of the present application provides a
novel I1I-V heterojunction field effect transistor which com-
prises a substrate layer, a second semiconductor layer, a first
semiconductor layer, a drain electrode, a source electrode, a
first dielectric layer, second dielectric layers and a gate
electrode, wherein,

the second semiconductor layer 1s formed on the substrate
layer, the drain electrode and the source electrode are
constructed on the second semiconductor layer, and the
drain electrode and the source electrode are connected
through the first semiconductor layer and are i Ohmic
contact with the first semiconductor layer, so that a channel
1s Tormed; compared with the second semiconductor layer,
the first semiconductor layer has a greater bandgap;

the second semiconductor layer and the first semiconduc-
tor layer are combined to form a heterostructure; the thick-
ness of the first semiconductor layer 1s not greater than the
critical thickness of 2DEG formed on the heterostructure,
and thus natural 2DEG 1n the heterostructure 1s depleted;

the first dielectric layer 1s further arranged on the surface
of the first semiconductor layer, the gate electrode 1is
arranged on the first dielectric layer and covers the channel
in the full length direction, and the two edges of the gate
clectrode extend out of the edges of the sides, close to the
channel, of the drain electrode and the source electrode
respectively; the second dielectric layers are arranged
between the gate electrode and the drain electrode as well as
between the gate electrode and the source electrode.

One embodiment of the present application provides a
novel I1I-V heterojunction field effect transistor which com-
prises a substrate layer, a first semiconductor layer, a second
semiconductor layer, a dielectric template layer, a drain
clectrode, a source electrode, a first dielectric layer, second
dielectric layers and a gate electrode, wherein,

the second semiconductor layer 1s formed on the substrate
layer, and the drain electrode and the source electrode are
constructed on the second semiconductor layer;

the second semiconductor layer and a first semiconductor
layer body are combined to form a heterojunction channel,
and the two ends of the heterojunction channel are con-
nected with the drain electrode and the source electrode
respectively; the thickness of the first semiconductor layer
body 1s not greater than the critical thickness of 2DEG
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formed on the heterojunction channel, and thus natural
2DEG 1n the heterojunction channel 1s depleted;
the first semiconductor layer comprises a body and n parts

ol protrusions grown along the body, wherein n=1;

the dielectric template layer i1s arranged on the first
semiconductor layer body and provided with n windows,
and the n parts of protrusions are grown along the n
windows; through the protrusions, the thickness of the first
semiconductor layer exceeds the critical thickness, so that
2DEG 1s formed 1n the projection regions of the protrusions,
and n parts ol 2DEG regions are formed on the heterojunc-
tion channel at intervals;

the gate electrode 1s arranged on the first dielectric layer.

In certain specific implementation schemes, the novel
I1I-V heterojunction field eflect transistor 1s a normally off
I1I-V heterojunction field effect transistor and comprises a
substrate layer, a second semiconductor layer, a dielectric
template layer, a drain electrode, a source electrode, a first
dielectric layer, second dielectric layers and a gate electrode,
wherein,

the second semiconductor layer 1s formed on the substrate
layer, and the drain electrode and the source electrode are
constructed on the second semiconductor layer;

the first semiconductor layer comprises a body and n parts
of protrusions grown along the body, wherein n=1;

the second semiconductor layer and the first semiconduc-
tor layer body are combined to form a heterojunction
channel, and the two ends of the heterojunction channel are
connected with the drain electrode and the source electrode
respectively; the thickness of the first semiconductor layer
body 1s not greater than the critical thickness of 2DEG
formed on the heterojunction channel, and thus natural
2DEG 1n the heterojunction channel 1s depleted;
the dielectric template layer i1s arranged on the first
semiconductor layer body and provided with n windows,
and the n parts of protrusions are grown on the first semi-
conductor layer body along the n windows; through the
protrusions, the thickness of the first semiconductor layer
exceeds the critical thickness, so that 2DEG 1s formed 1n the
projection regions of the protrusions, and n parts of 2DEG
regions are formed on the heterojunction channel at inter-
vals;

the first dielectric layer 1s further arranged on the surface
of the first semiconductor layer, the gate electrode 1is
arranged on the first dielectric layer and covers the channel
in the full length direction, and the two edges of the gate
clectrode extend out of the edges of the sides, close to the
channel, of the drain electrode and the source electrode
respectively; the second dielectric layers are arranged
between the gate electrode and the drain electrode as well as
between the gate electrode and the source electrode.

In certain specific implementation schemes, a dielectric
wall 1s distributed at least between two adjacent windows 1n
the dielectric template layer and 1s only distributed in an area
which can be covered by the projection of the gate electrode,
the number of the dielectric walls 1s n, n=1, and the
dimension of at least one dielectric wall in the gate width
direction 1s equal to or greater than the gate width; the
protrusions are grown on the first semiconductor layer body
along the outer sides of the dielectric walls; through the

protrusions, the thickness of the first semiconductor layer
exceeds the critical thickness, so that 2DEG 1s formed 1n the

projection regions ol the protrusions, and at least two
discontinuous 2DEG regions, namely the connected parts of
the edges of the source electrode and the drain electrode, are
formed on the heterojunction channel;

10

15

20

25

30

35

40

45

50

55

60

65

4

the gate electrode 1s arranged on the first semiconductor
layer and only covers two-dimensional electron gas inter-
ruption parts in the whole heterojunction channel.

Compared with the prior art, the novel I1I-V heterojunc-
tion field eflect transistor provided by the present application
has the advantages of simpler structure, simpler preparation
flows, stabler performance, higher reliability and the like.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 1s a sectional view of a conventional enhancement-
mode III-V HFET device 1n the prior art;

FIG. 2 1s a sectional view of a novel enhancement-mode
III-V heterojunction field effect transistor of the present
application;

FIG. 3 1s a top view of the novel enhancement-mode I1I-V
heterojunction field eflect transistor of the present applica-
tion;

FIG. 4 1s a sectional view of a novel enhancement-mode
III-V heterojunction field effect transistor of the present
application;

FIG. 5 1s a front view of a first semiconductor part, a
second semiconductor part and a dielectric template part of
the novel enhancement-mode III-V heterojunction field
cllect transistor of the present application when n=3, and
m=1;

FIG. 6 1s a left view of the first semiconductor part, the
second semiconductor part and the dielectric template part
of the novel enhancement-mode III-V heterojunction field
cllect transistor of the present application when n=3, and
m=1;

FIG. 7 1s a top view of the first semiconductor part, the
second semiconductor part and the dielectric template part
of the novel enhancement-mode III-V heterojunction field
cllect transistor of the present application when n=3, and
m=1;

FIG. 8 1s a sectional view of a enhancement-mode 11I-V
heterojunction field effect transistor structurally provided
with a composite barrier layer of the present application;

FIG. 9 1s a front view of a first semiconductor part, a
second semiconductor part and a dielectric wall part of the
enhancement-mode I1I-V heterojunction field effect transis-
tor structurally provided with the barrier layer 1n the present
application when n=3, and m=2;

FIG. 10 1s a left view of the first semiconductor part, the
second semiconductor part and the dielectric wall part of the
enhancement-mode I1I-V heterojunction field effect transis-
tor structurally provided with the barrier layer 1n the present
application when n=3, and m=2; and

FIG. 11 1s a top view of the first semiconductor part, the
second semiconductor part and the dielectric wall part of the
enhancement-mode I1I-V heterojunction field effect transis-
tor structurally provided with the barrier layer 1n the present
application when n=3, and m=2.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Through a continuous and deep study on the structure of
an HFET device 1n the prior art, the mnventor of the present
application realizes that as the thickness of a barrier layer,
namely the thickness of a first semiconductor layer, of the
conventional device exceeds the critical thickness, high-
concentration 2DEG exists on a heterojunction interface,
namely the interface between the first semiconductor layer
and a second semiconductor layer, due to piezoelectric




US 10,283,598 B2

S

polarization and spontancous polarization of the material
system under the condition that no external voltage 1s
applied. Special techmques such as the trench gate technique
and the F~ 1on implantation and doping technique have to be
adopted for obtaining an enhancement-mode device. All the
techniques have the defects of diflicult accurate control and
prolonged technological cycles; 1n addition, for a trench gate
structure, the etching technique i1s adopted in the techno-
logical process, a channel of the device 1s damaged, conse-
quentially, the performance of the device 1s aflected, and
potential hazards exist in the reliability of the device. The F~
ion 1mplantation technique cannot achieve accurate control
casily and has potential hazards in the reliability.

On account of the defects of the existing HFET device, the
inventor ol the present application provides the technical
scheme of the present application through long-term study
and mass practice, and the technical scheme 1s explained and
illustrated 1n detail as follows.

One embodiment of the present application provides a
novel I1I-V heterojunction field effect transistor which 1s an
enhancement-mode 111-V heterojunction field eflfect transis-
tor and comprises a substrate layer, a second semiconductor
layer, a first semiconductor layer, a drain electrode, a source
clectrode, a first dielectric layer, second dielectric layers and
a gate electrode, wherein,

the second semiconductor layer 1s formed on the substrate
layer, the drain electrode and the source electrode are
constructed on the second semiconductor layer, and the
drain electrode and the source electrode are connected
through the first semiconductor layer and are i Ohmic
contact with the first semiconductor layer, so that a channel
1s formed; compared with the second semiconductor layer,
the first semiconductor layer has a greater bandgap;

the second semiconductor layer and the first semiconduc-
tor layer are combined to form a heterostructure; the thick-
ness of the first semiconductor layer 1s not greater than the
critical thickness of 2DEG formed on the heterostructure,
and thus natural 2DEG 1n the heterostructure 1s depleted;

the first dielectric layer 1s further arranged on the surface
of the first semiconductor layer, the gate electrode 1s
arranged on the first dielectric layer and covers the channel
in the full length direction, and the two edges of the gate
clectrode extend out of the edges of the sides, close to the
channel, of the drain electrode and the source electrode
respectively; the second dielectric layers are arranged
between the gate electrode and the drain electrode as well as
between the gate electrode and the source electrode.

Preferably, the second dielectric layers are only located on
the edges, overlapping with the drain electrode and the
source electrode, of the gate electrode.

Preferably, an intermediate layer used for improving the
mobility of two-dimensional electron gas on the heterojunc-
tion interface 1s further arranged between the first semicon-
ductor layer and the second semiconductor layer.

Preferably, the thickness of the intermediate layer can be
about 1 nm.

Preferably, the mtermediate layer 1s an AIN layer.

Preferably, the first semiconductor layer 1s an AlGaN
layer or an AIN layer.

Preferably, the second semiconductor layer 1s a GaN
layer.

For example, in certain implementation schemes, the first
semiconductor layer 1s an AlGaN layer, and the thickness of
the first semiconductor layer 1s smaller than or equal to 5 nm
and preferably 1s 1~35 nm; the second semiconductor layer 1s
a GaN layer, and the thickness of the second semiconductor
layer can be any suitable numerical value such as 2 um.
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For example, 1n certain specific implementation schemes,
the first semiconductor layer 1s an AIN layer, and the
thickness of the first semiconductor layer 1s 5 nm; the second
semiconductor layer 1s a GaN layer, and the thickness of the
second semiconductor layer 1s 2 um.

Preferably, the first dielectric layer 1s a S1;N,, layer which
1s grown 1n situ when a heterostructure maternal 1s grown,
and the thickness of the first dielectric layer 1s 5~25 nm.

Preferably, a third dielectric layer i1s further arranged
between the gate electrode and the first dielectric layer and
used for further decreasing leakage currents of the gate
clectrode of the device.

Preferably, each second dielectric layer comprises a S10,
layer. In certain specific implementation schemes, the thick-
ness of each dielectric layer can be 100 nm.

Preferably, the edges of the sides, towards the channel, of
the second dielectric layers are beyond the drain electrode
and the source electrode respectively by the length of 0~2
um and preferably by the length of 0.5 um.

Preferably, the distance between the drain electrode and
the source electrode can be about 2.5 um.

According to the novel enhancement-mode I1I-V hetero-
junction field effect transistor provided 1n the above embodi-
ment ol the present application, the depleted channel 1s
obtained through a thin barrier layer, an MIS gate structure
1s adopted, 2DEG 1s induced again by means of high gate
voltage, and thus the enhancement-mode device with stable
performance 1s realized.

In certain more specific implementation schemes of the
above embodiment, the structure of the novel enhancement-
mode III-V heterojunction field effect transistor 1s shown in
FIG. 2 and FIG. 3, wherein FI1G. 2 1s a sectional view of the
device, and FIG. 3 1s a top view of the device.

Wherein, the novel enhancement-mode I1I-V heterojunc-
tion field eflfect transistor comprises a substrate layer 1, a
second semiconductor layer 2, a first semiconductor layer 3,
a drain electrode 4, a source electrode 5, a first dielectric
layer 6, second dielectric layers 7 and a gate electrode 8,
wherein,

the second semiconductor layer 2 1s formed on the sub-
strate layer 1, the drain electrode 4 and the source electrode
5 are constructed on the second semiconductor layer 2, and
the drain electrode 4 and the source electrode 5 are con-
nected through the first semiconductor layer 3 and are in
Ohmic contact with the first semiconductor layer 3, so that
a channel 1s formed; compared with the second semicon-
ductor layer 2, the first semiconductor layer 3 has a greater
bandgap;

the second semiconductor layer 2 and the first semicon-
ductor layer 3 are combined to form a heterostructure; the
thickness of the first semiconductor layer 3 is not greater
than the critical thickness of 2DEG formed on the hetero-
structure, and thus natural 2DEG 1n the heterostructure of
the first semiconductor layer 3 1s depleted; the first semi-
conductor layer of a thin structure 1s designed, and the
thickness of the first semiconductor layer 1s smaller than the
critical thickness, so that the high-concentration 2DE
naturally exists on the heterostructure 1s eliminated; in this
way, 1n the absence of an external gate voltage, no 2DEG
exists on the heterojunction interface of the first semicon-
ductor layer and the second semiconductor layer, high-
concentration 2DEG can be induced from the channel only
when an external gate voltage exceeds a certain positive
threshold voltage, an enhancement-mode form i1s formed,
and accordingly the process for forming the enhancement-
mode device 1s greatly simplified.
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The first dielectric layer 6 i1s further arranged on the
surface of the first semiconductor layer 3, the gate electrode
8 1s arranged on the first dielectric layer 6 and covers the
channel 1n the full length direction, and the two edges of the
gate electrode 8 extend out of the edges of the sides, close
to the channel, of the drain electrode 4 and the source
clectrode 3 respectively; the second dielectric layers 7 are
arranged between the gate electrode 8 and the drain elec-
trode 4 as well as between the gate electrode 8 and the source
clectrode 5. As the gate electrode structurally covers the
channel completely, 2DEG in the channel can be completely
controlled by the gate voltage, and the device free of current
collapse 1s realized.

In one preferred embodiment, the second dielectric layers
7 are only located on the edges, overlapping with the drain
clectrode 4 and the source electrode 5, of the gate electrode
8. The second dielectric layers 7 are used for preventing
clectrical connection between the gate electrode 8 and the
drain electrode 4 as well as between the gate electrode 8 and
the source electrode 5, however, the second dielectric layers
7 also have an influence on the gate capacitance, and then the
gate control capacity and the amplifying capacity are
aflected. Compared with a structure that a second dielectric
layer completely covers a first dielectric layer, the structure
that the second dielectric layers 7 only cover the edges,
overlapping with the drain electrode 4 and the source
clectrode 3, of the gate electrode 8 can ensure a greater gate
capacitance on the premise of achieving good electrical
1solation, a higher device transconductance 1s realized, and
the device has higher gate control capacity and greater
amplifying capacity. Preferably, the thicknesses of the sec-
ond dielectric layers should be as small as possible, so that
the second dielectric layers are extremely thin under the
orthographic projection of the gate electrode, and the loss of
the gate capacitance 1s minimized.

Meanwhile, the realizing technique for the novel enhance-
ment-mode III-V heterojunction field eflect transistor i1s
basically the same as the technique for the HFET in the prior
art, and the technique complexity of the device i1s not
increased at all. The device of the present application can be
realized through the following main technological steps:

(1) Growth of a substrate matenial, specifically, a corre-
sponding bufler layer, the second semiconductor layer, the
first semiconductor layer and an in-situ S1,N, layer are
grown on the suitable substrate material (such as an Si
substrate) according to the material growth law, and the
intermediate layer 1s selectively grown on the substrate
material.

(2) Cleaning of the substrate material, specifically, a
proper cleaning scheme 1s adopted, and thus a clean material
surface 1s obtained;

(3) Preparation of the source electrode and the drain
clectrode.

(4) Growth of the second dielectric layers.

(5) Etching of selected zones of the second gate dielectric
layers.

(6) Preparation of the gate electrode.

(7) Passivating and packaging.

In the above embodiment of the present application, by
adoption of the technical scheme, the technique complexity
of the device 1s not increased at all, the threshold voltage can
be set by setting parameters such as the thickness of the first
semiconductor layer and the thickness of the first dielectric
layer, repeatability of the technique for the device 1is
achieved, and industrial production of the device 1s facili-
tated.
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The novel enhancement-mode 1II-V heterojunction field
ellect transistor provided in one embodiment of the present
application 1s a normally off I1I-V heterojunction field eflect
transistor and comprises a substrate layer, a first semicon-
ductor layer, a second semiconductor layer, a dielectric
template layer, a drain electrode, a source electrode, a first
dielectric layer, second dielectric layers and a gate electrode,
wherein,

the second semiconductor layer 1s formed on the substrate
layer, and the drain electrode and the source electrode are
constructed on the second semiconductor layer;

the first semiconductor layer comprises a body and n parts
ol protrusions grown along the body, wherein n=1;

the second semiconductor layer and the first semiconduc-
tor layer body are combined to form a heterojunction
channel, and the two ends of the heterojunction channel are
connected with the drain electrode and the source electrode
respectively; the thickness of a first semiconductor layer
body 1s not greater than the critical thickness of 2DEG
formed on the heterojunction channel, and thus natural
2DEG 1n the heterojunction channel 1s depleted;

the dielectric template layer 1s arranged on the first
semiconductor layer body and provided with n windows at
equal intervals, and the n parts of protrusions are grown on
the first semiconductor layer body along the n windows;
through the protrusions, the thickness of the first semicon-
ductor layer exceeds the critical thickness, so that 2DEG 1s
formed 1n the projection regions of the protrusions, and n
2DEG regions are formed on the heterojunction channel at
equal intervals.

The first dielectric layer 1s further arranged on the surface
of the first semiconductor layer, the gate electrode 1is
arranged on the first dielectric layer and covers the channel
in the full length direction, and the two edges of the gate
clectrode extend out of the edges of the sides, close to the
channel, of the drain electrode and the source electrode
respectively; the second dielectric layers are arranged
between the gate electrode and the drain electrode as well as
between the gate electrode and the source electrode.

Preferably, the protrusions are distributed continuously or
are divided into m parts in the growth direction, wherein
mz=1.

Preferably, the second dielectric layers are only located on
the edges, overlapping with the drain electrode and the
source electrode, of the gate electrode.

Preferably, an intermediate layer used for improving the
mobility of two-dimensional electron gas on the heterojunc-
tion interface 1s further arranged between the first semicon-
ductor layer and the second semiconductor layer.

Preferably, the intermediate layer 1s an AIN layer.

Preferably, the first semiconductor layer 1s an AlGaN
layer or an AIN layer, and the second semiconductor layer 1s
a GaN layer.

Pretferably, the first dielectric layer 1s a S1,N, layer which
1s grown 1n situ when a heterostructure material 1s grown,
and the thickness of the first dielectric layer 1s 5~25 nm.

Preferably, the dielectric template layer comprises a S10,
layer such as a S10, layer grown through LPCVD.

Preferably, each second dielectric layer 1s a S10, layer.

Preferably, the edges of the sides, towards the channel, of
the second dielectric layers are beyond the drain electrode
and the source electrode respectively by the length of 0.5
L.

According to the novel normally off I1I-V heterojunction
field eflect transistor provided in the above embodiment of
the present application, the discontinuous channel 1s
obtained through a specially designed barrier layer, and
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2DEG 1s induced again through a high gate voltage, so that
the normally off device with stable performance 1s realized,
and flexible and diversified design schemes can be adopted
according to the performance requirement of the device.

In certain more specific implementation schemes of the
above embodiment, the structure of the novel enhancement-
mode III-V heterojunction field eflect transistor 1s shown in
FIG. 4, FIG. 5, FIG. 6 and FIG. 7, wherein FIG. 4 1s a
sectional view of the device, FIGS. 5 and 6 are three views
of the first semiconductor part, the second semiconductor
part and the dielectric template part when n=2, and m=1
respectively, FIG. 5 1s a left view, FIG. 6 1s a {ront view, and
FIG. 7 1s a top view. The novel normally oif III-V hetero-
junction field eflect transistor of the present application
comprises a substrate layer 1, a second semiconductor layer
2, a first semiconductor layer body 3, first semiconductor
layer protrusions 9, two-dimensional electron gas 10, a
dielectric template layer 11, a first dielectric layer 6, second
dielectric layers 7, a gate electrode 8, a drain electrode 4 and
a source e¢lectrode 5.

Wherein, the second semiconductor layer 2 1s formed on
the substrate layer 1, the drain electrode 5 and the source
clectrode 4 are constructed on the second semiconductor
layer 2, the first semiconductor layer body 3 1s formed on the
second semiconductor layer 2, and the first semiconductor
layer body 3 and the second semiconductor layer 2 are
combined to form a heterojunction channel; the drain elec-
trode S and the source electrode 4 are connected through a
channel formed between the first semiconductor layer body
3 and the second semiconductor layer 2; compared with the
second semiconductor layer, the first semiconductor layer
has a greater bandgap; the thickness of the first semicon-
ductor layer body 3 is not greater than the critical thickness
of 2DEG formed on the heterostructure.

The dielectric template layer 6 1s constructed on the first
semiconductor layer body 3 and provided with n windows at
equal 1intervals, and the n parts of protrusions 4 are grown on
the first semiconductor layer body 3 along the n windows;
through the protrusions, the thickness of the first semicon-
ductor layer exceeds the critical thickness, so that 2DEG 1s
formed 1n the projection regions of the protrusions, and n
2DEG regions are formed on the heterojunction channel at
equal intervals.

If only the first semiconductor layer body 3 exists, 2DEG
cannot be generated in the heterostructure; due to the
presence of the first semiconductor layer protrusions 4, the
total thickness of the first semiconductor layer body 3 and
the first semiconductor layer protrusions 4 is greater than the
critical thickness for generating 2DEG and thus 2DEG exists
on the heterojunction interface below the first semiconductor
layer protrusions 4. Accordingly, discontinuous 2DEG 1s
distributed on the heterojunction interface. As the 2DEG 1s
discontinuous, no conductive channel 1s formed in the
absence ol a gate voltage, and the HFET device 1s normally
off. The 2DEG on the heterojunction interface can be
continuous only when the gate voltage 1s greater than a
threshold wvoltage, and thus the conductive channel 1s
formed.

By adoption of the above techmical scheme, the gate
clectrode of the device completely covers the channel
between the source electrode and the drain electrode, so that
when the device operates, the gate voltage can completely
control the channel, instant on-ofl of the channel 1s achieved,
and thus current collapse can be avoided to the maximum
extent.

In addition, although the gate electrode of the device
covers the channel between the source electrode and the
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drain electrode, two-dimensional electron gas exists on the
first semiconductor layer protrusions always, the equivalent
gate length of the device only equals to the length of the total
protrusions of the first semiconductor layer, and thus the
device has a high cut-off frequency. Meanwhile, as the
breakdown voltage of the device 1s in positive correlation
with the distance between the source electrode and the drain
clectrode, the device can also have a high breakdown
voltage.

The first dielectric layer 6 i1s further arranged on the
surface of the first semiconductor layer, the gate electrode 8
1s arranged on the first dielectric layer 6 and covers the
channel 1n the full length direction, and the two edges of the
gate electrode 8 extend out of the edges of the sides, close
to the channel, of the drain electrode 4 and the source
clectrode 5 respectively; the second dielectric layers 7 are
arranged between the gate electrode 8 and the drain elec-
trode 4 as well as between the gate electrode 8 and the source
clectrode 5. As the gate electrode structurally covers the
channel completely, 2DEG in the channel can be completely
controlled by the gate voltage, and the device free of current
collapse 1s realized.

In a preferred embodiment, 1n the direction perpendicular
to the connection direction of the source electrode and the
drain electrode, the first semiconductor layer protrusions 9
can be distributed continuously and can also be divided into
m parts. The dielectric template 6 1s discontinuous in the
direction from the source electrode to the drain electrode.

In a preferred embodiment, the second dielectric layers 7
are only located on the edges, overlapping with the drain
clectrode 5 and the source electrode 4, of the gate electrode
8. The second dielectric layers 7 are used for preventing
clectrical connection between the gate electrode 8 and the
drain electrode 5 as well as between the gate electrode 8 and
the source electrode 4, however, the second dielectric layers
7 also have an influence on the gate capacitance, and then the
gate control capacity and the amplifying capacity are
aflected. Compared with a structure that a second dielectric
layer completely covers a first dielectric layer, the structure
that the second dielectric layers 7 only cover the edges,
overlapping with the drain electrode 5 and the source
clectrode 4, of the gate electrode 8 can ensure a greater gate
capacitance on the premise of achieving good electrical
1solation, a greater device transconductance 1s realized, and
the device has higher gate control capacity and higher
amplifying capacity. Preferably, the thicknesses of the sec-
ond dielectric layers should be as small as possible, so that
the second dielectric layers are extremely thin under the
orthographic projection of the gate electrode, and the loss of
the gate capacitance 1s mimmized.

Meanwhile, the realizing technique for the novel enhance-
ment-mode III-V heterojunction field effect transistor i1s
basically the same as the technique for the HFET in the prior
art, and the technmique complexity of the device 1s not
increased at all. The device of the present application can be
realized through the following main technological steps:

(1) Growth of a substrate material, specifically, a corre-
sponding bufler layer, the second semiconductor layer, the
first semiconductor layer body 3 and the dielectric template
layer 6 are grown on the suitable substrate material (such as
a S1 substrate) according to the material growth law, and the
intermediate layer 1s selectively grown on the substrate
material.

(2) Formation of the windows grown along the first
semiconductor layer protrusions 9 through photolithography
and etching of the dielectric template layer.

(3) Growth of the first semiconductor layer protrusions 9.
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(4) Preparation of the source electrode and the drain
clectrode.

(5) Growth of the first dielectric layer.

(6) Growth of the second dielectric layers and etching 1n
selected regions.

(7) Preparation of the gate electrode.

(8) Passivation.

In the above embodiment of the present application, by
adoption of the technical scheme, the normally off device
can be realized; as the channel material of the device 1s
obtained through growing instead of etching adopted for a
trench gate device, damage to the heterojunction interface 1s
avoilded, and thus the performance of the device can be
improved easily.

The novel III-V heterojunction field effect transistor pro-
vided 1n one embodiment of the present application 1s a
normally off I1I-V heterojunction field effect transistor struc-
turally provided with a composite barrier layer and com-
prises a substrate layer, a second semiconductor layer,
dielectric walls (also regarded as dielectric template layers
of another form), a drain electrode, a source electrode and a
gate electrode, wherein,

the second semiconductor layer 1s formed on the substrate
layer, and the drain electrode and the source electrode are
constructed on the second semiconductor layer;

the second semiconductor layer and the first semiconduc-
tor layer body are combined to form a heterojunction

channel, and the two ends of the heterojunction channel are
connected with the drain electrode and the source electrode
respectively; the thickness of the first semiconductor layer
body 1s not greater than the critical thickness of 2DEG
formed on the heterojunction channel, and thus natural
2DEG 1n the heterojunction channel 1s depleted.

The dielectric walls are arranged on the first semiconduc-
tor layer body and are only distributed in the area which can
be covered by the projection of the gate electrode, the
number of the dielectric walls 1s n, n=1, and the dimension
of at least one dielectric wall 1n the gate width direction 1s
equal to or greater than the gate width; protrusions are grown
on the first semiconductor layer body along the outer sides
of the dielectric walls; through the protrusion, the thickness
of the first semiconductor layer exceeds the critical thick-
ness, so that 2DEG 1s formed 1n the projection regions of the
protrusions, and at least two discontinuous 2DEG regions,
namely the connected parts of the edges of the source
electrode and the drain electrode, are formed on the hetero-
junction channel at equal intervals.

The gate electrode 1s arranged on the first semiconductor
layer and only covers two-dimensional electron gas inter-
ruption parts in the whole heterojunction channel.

In certain implementation schemes of the above embodi-
ment, the first dielectric layer 1s further arranged between the
gate electrode and the first semiconductor layer.

In certain implementation schemes of the above embodi-
ment, the protrusions are distributed continuously 1n the area
covered by the projection of the gate electrode or are divided
into m parts 1n the growth direction, wherein m=1.

In certain implementation schemes of the above embodi-
ment, an itermediate layer which 1s used for improving the
mobility of 2DEG on the heterojunction interface i1s further
arranged between the first semiconductor layer and the
second semiconductor layer.

The intermediate layer 1s, but not limited to, an AIN layer.

In certain implementation schemes of the above embodi-
ment, the first semiconductor layer can be, but 1s not limited,

to an AlGaNlN layer, an AIN layer and the like.
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In certain implementation schemes of the above embodi-
ment, the second semiconductor layer can be, but 1s not
limited to, a GaN layer.

In certain implementation schemes of the above embodi-
ment, the first dielectric layer 1s a S1;N, layer which 1s grown
in situ when a heterostructure material 1s grown. Preferably,
the thickness of the first dielectric layer 1s 5~25 nm.

In certain implementation schemes of the above embodi-
ment, n windows are formed on the dielectric walls through
the photolithography and etching techmique.

A specific implementation scheme of the above embodi-
ment 1s shown 1n FIGS. 8 to 11 and relates to the enhance-
ment-mode I1I-V heterojunction field eflect transistor struc-
turally provided with the composite barrier layer (called the
device for short in the following description). FIG. 8 1s a
sectional view of the device, FIGS. 9 to 11 are three views
of the first semiconductor part, the second semiconductor
part and the dielectric wall part when n=2 and m=2, FIG. 9
1s a front view, FI1G. 10 1s a left view, and FIG. 11 1s a top
view. Furthermore, the device comprises a substrate layer 1,
a second semiconductor layer 2, a first semiconductor layer
body 3, first semiconductor layer protrusions 9, two-dimen-
sional electron gas 10, dielectric template layer 11, a first
dielectric layer 6, a gate electrode 8, a source electrode § and
a drain electrode 4.

Wherein, the second semiconductor layer 2 1s formed on

the substrate layer 1, the drain electrode 4 and the source
clectrode § are constructed on the second semiconductor
layer 2, the first semiconductor layer body 3 1s formed on the
second semiconductor layer 2, and the first semiconductor
layer body 3 and the second semiconductor layer 2 are
combined to form a heterostructure; the drain electrode 5
and the source electrode 4 are connected through a channel
formed between the first semiconductor layer body 3 and the
second semiconductor layer 2; compared with the second
semiconductor layer, the first semiconductor layer has a
greater bandgap; the thickness of the first semiconductor
layer body 3 i1s not greater than the critical thickness of
2DEG formed on the heterostructure.
The dielectric layer 1s constructed on the first semicon-
ductor layer body 3, the dielectric template layer 11 are
constructed through the photolithography or and etching
technique, and the protrusions 9 are grown on the first
semiconductor layer body 3 along the outer sides of the
dielectric walls; through the protrusions, the thickness of the
first semiconductor layer exceeds the critical thickness, so
that 2DEG 1s formed in the projection regions of the
protrusions, and 2DEG regions are formed on the hetero-
junction channel at intervals.

I1 only the first semiconductor layer body 3 exists, 2DEG
cannot be generated in the heterostructure; due to the
presence of the first semiconductor layer protrusions 9, the
total thickness of the first semiconductor layer body 3 an
the first semiconductor layer protrusions 9 1s greater than the
critical thickness for generating 2DEG and thus 2DEG exits
on the heterojunction intertace below the first semiconductor
layer protrusions 9. Accordingly, discontinuous 2DEG 1s
distributed on the heterojunction interface. As the 2DEG 1s
discontinuous, no conductive channel 1s formed in the
absence of a gate voltage, and the HFET device 1s normally
ofl. The 2DEG on the heterojunction interface can be
continuous only when the gate voltage 1s greater than a
threshold voltage, and thus the conductive channel 1s
formed.

In the above embodiment of the present application, the
dielectric walls are only distributed 1n the area covered by
the projection of the gate electrode, namely the first semi-
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conductor layer protrusions are grown on the connected
parts of the drain electrode and the source electrode, so that
2DEG 1s formed on the parts, close to the source electrode
and the drain electrode, of the heterojunction channel, and
on-oil state of the heterojunction channel can be controlled
only by covering the 2DEG interruption parts in the whole
heterojunction channel with the gate electrode, Therelore,
for the device in the above embodiment, the gate electrode
does not need to be 1solated from the drain electrode or the
source electrode through dielectric layers, the production
technique 1s greatly simplified, and meanwhile, the break-
down voltage of the transistor 1s greatly improved.

In one preferred embodiment, the first dielectric layer 6 1s
turther arranged on the surface of the first semiconductor
layer, the gate electrode 8 1s arranged on the first dielectric
layer 6, the gate electrode 8 covers the two-dimensional
clectron gas interruption parts 1n the whole composite bar-
rier layer, and thus 1t 1s ensured that the source electrode and
the drain electrode are connected through 2DEG when a
certain gate voltage 1s applied to the device.

In one preferred embodiment, in the direction perpendicu-
lar to the connection direction of the source electrode and the
drain electrode, the first semiconductor layer protrusions 9
can be distributed continuously and can also be divided into
m parts. The device can be designed extremely tlexibly.
Meanwhile, the realizing technique for the novel enhance-
ment-mode III-V heterojunction field effect transistor 1s
basically the same as the technique for the HFET 1n the prior
art, and the technique complexity of the device 1s not
increased at all. The device of the present application can be
realized through the following main technological steps:

(1) Growth of a substrate material, specifically, a corre-
sponding bufler layer, the second semiconductor layer and
the first semiconductor layer body 3 are grown on the
suitable substrate material (such as an Si1 substrate) accord-
ing to the material growth law, an intermediate layer is
selectively grown on the substrate material, and dielectric
layers required by the dielectric walls 11' are constructed.

(2) Formation of the dielectric template layer 11 through
photolithography and etching on the dielectric layers;

(3) Growth of the first semiconductor layer protrusions 9.

(4) Preparation of the source electrode and the drain
clectrode.

(5) Growth of the first dielectric layer.

(6) Preparation of the gate electrode.

(7) Device passivation.

By adoption of the above technical scheme, the normally
off device can be realized; in addition, as the channel
material of the device 1s obtained through growing instead of
ctching adopted for a trench gate device, damage to the
heterojunction interface 1s avoided, and the performance of
the device can be improved.

According to the normally off III-V heterojunction field
ellect transistor structurally provided with the composite
barrier layer provided i the above embodiment of the
present application, the discontinuous channel 1s obtained
through the specially designed barnier layer, 2DEG 1s
induced again through a high gate voltage, and thus the
normally off device with the stable performance 1s realized.
In addition, flexible and diversified design schemes can be
adopted according to the performance requirement of the
device. Meanwhile, since the gate electrode only covers the
two-dimensional electron gas interruption parts in the whole
heterojunction channel, the breakdown voltage of the tran-
sistor 1s greatly improved.

A further description of the of the technical scheme of the
invention 1s given with several preferred embodiments and
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corresponding accompanying drawings as follows, however,
the present application 1s not limited to the embodiments.

First Embodiment

For a novel enhancement-mode I1I-V heterojunction field
eflect transistor in the embodiment, a substrate material

comprises a S1 material and a low-temperature AIN buller
layer grown on the Si1 material, a second semiconductor
layer (with the thickness of about 2 um) 1s a GaN layer, a
first semiconductor layer (with the thickness of about 1-~5
nm) 1s an AlGaNN layer, and an AIN 1mntermediate layer (with
the thickness of about 1 nm) 1s arranged between the first
semiconductor layer and the second semiconductor layer
and used for improving the electrical property of 2DEG A
first dielectric layer 1s a S1;N,, layer which 1s grown 1n situ,
and the thickness of the first dielectric layer 1s about 5~25
nm. A source electrode and a drain electrode are all formed
by Ti/Al/N1/Au (20/120/50/200 nm) through metal deposi-
tion and high-temperature thermal annealing, and the dis-
tance between the source electrode and the drain electrode 1s
2.5 um. Each second dielectric layer 1s a S10, layer, and the
thickness of each second dielectric layer 1s about 100 nm.
The edges of the sides, towards the center of a channel, of
the second dielectric layers are beyond the source electrode
and the drain electrode respectively by the length of 0.5 um.
A gate electrode 1s prepared from Ni/Au (50/150 nm). The
preparation process of the device comprises the following
steps that firstly, the low-temperature AIN bufler layer 1s
grown on the substrate material contaiming Si1 then the
second semiconductor layer which 1s a GaN layer 1s grown,
then the first semiconductor AlGaN layer 1s grown, and a
S1,N, layer 1s grown 1n situ to serve as the first dielectric
layer; secondly, the first dielectric layer at the position of the
source electrode and the drain electrode 1s etched, and
Ohmic contact 1s prepared; thirdly, the second dielectric
layers are grown, and the second dielectric layers are only
left on the edges of the source electrode and the drain
clectrode through photolithography and etching; and finally,
the gate electrode 1s prepared.

Second Embodiment

For a novel enhancement-mode I1I-V heterojunction field
eflect transistor in the embodiment, a substrate material
comprises a S1C material and a low-temperature AIN layer
grown on the SiC material, a second semiconductor layer
(with the thickness of about 2 um) 1s a GalN layer, a first
semiconductor layer (with the thickness of about 5 nm) 1s an
AIN layer, a first dielectric layer 1s a S1;N,, layer which 1s
grown 1n situ, and the thickness of the first dielectric layer
1s about 5-25 nm. A source electrode and a drain electrode
are all formed by T1/Al/N1/Au (20/120/50/200 nm) through
metal deposition and high-temperature thermal annealing,
and the distance between the source electrode and the drain
clectrode 1s 2.5 um. Each second dielectric layer 1s a S10,
layer, and the thickness of each second dielectric layer 1s
about 100 nm. The edges of the sides, towards the center of
a channel, of the second dielectric layers are beyond the
source electrode and the drain electrode respectively by the
length of 0.5 um. A gate electrode 1s prepared from Ni/A
(50/150 nm).

Third Embodiment

[

For a novel normally off 11I-V heterojunction field effect
transistor 1n the embodiment, a substrate material comprises
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a S1 material and a low-temperature AIN bufler layer grown
on the S1 material, a second semiconductor layer (with the

thickness of about 2 um) 1s a GaN layer, the first part (with
the thickness of about 3 nm) of a first semiconductor layer
1s an AlGaN layer, an AIN itermediate layer (with the
thickness of about 1 nm) 1s arranged between the first
semiconductor layer and the first part of the second semi-
conductor layer and used for improving the electrical prop-
erty of 2DEG. A dielectric template layer 1s a 510, layer
which 1s grown through low-pressure chemical vapor depo-
sition (LPCVD). n, the number of windows on the dielectric
template layer 1s two, then m 1s one. The length of each
window 1n the connection direction of a source electrode and
a drain electrode 1s 0.5 um, and the length of each window
in the direction perpendicular to the direction of the con-
nection direction of the source electrode and the drain
clectrode 1s 100 um. A first dielectric layer 1s a S1,N, layer
which 1s grown in situ, and the thickness of the first
dielectric layer 1s about 10 nm; each second dielectric layer
1s an hiO, layer, and the thickness of each second dielectric
layer 1s 100 nm. The source electrode and the drain electrode
are all formed by T1/Al/N1/Au (20/120/50/200 nm) through
metal deposition and high-temperature thermal annealing.
The distance between the source electrode and the drain
clectrode 1s 2.5 um. The edges of the sides, towards the
center of a channel, of the second dielectric layers are
beyond the source electrode and the drain electrode respec-
tively by the length of 0.5 um. A gate electrode 1s prepared
from N1/Au (50/150 nm). The preparation process of the
device comprises the following steps that firstly, the low-
temperature AIN buller layer 1s grown on the S1 substrate
material, then the second semiconductor layer which 1s a
GaN layer 1s grown, then the body part of the first semi-
conductor AlGaN layer 1s grown, then the dielectric tem-
plate layer which 1s a S10, layer 1s grown through low-
pressure chemical vapor deposition (LPCVD), dielectric
walls are reserved through photoeching and etching tech-
niques, the secondary epitaxial windows are exposed, then
the material 1s placed 1nto a material growing device again,
and protrusions of the first semiconductor layer are grown
again in the windows; secondly, a S1;N, layer 1s grown 1n
situ to serve as the first dielectric layer; thirdly, the first
dielectric layer at the positions of the source electrode and
the drain electrode 1s etched, and ochmic contact 1s prepared;
tourthly, the second h1O, dielectric layers are grown, and the
second dielectric layers are only left on the edges of the
source electrode and the drain electrode through photoech-
ing photolithography and etching; and finally, the gate
clectrode 1s prepared.

Fourth Embodiment
For a novel normally off III-V heterojunction field effect
transistor in the embodiment, a substrate material comprises
a S1C material and a low-temperature AIN bufler layer
grown on the Si1C matenal, a second semiconductor layer
(with the thickness of about 2 um) 1s a GaN layer, and the
first part (with the thickness of about 3 nm) of a first
semiconductor layer body 1s an AIN layer. A dielectric
template layer 1s a S10, layer which 1s grown through
LPCVD, the number n of windows on the dielectric template
layer 1s two, then m 1s three, the length of each window 1n
the connection direction of a source electrode and a drain
clectrode 1s 0.5 um, and the length of each window in the
direction perpendicular to the direction of the connection
direction of the source electrode and the drain electrode 1s 20
um. A first dielectric layer 1s a S1;N,, layer which 1s grown
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in situ, and the thickness of the first dielectric layer 1s about
10 nm; each second dielectric layer 1s an htO, layer, and the
thickness of each second dielectric layer 1s 100 nm. The
source electrode and the drain electrode are all formed by
T1/Al/N1/Au (20/120/50/200 nm) through metal deposition
and high-temperature thermal annealing. The distance
between the source electrode and the drain electrode 1s 2.5
um. The edges of the sides, towards the center of a channel,
of the second dielectric layers are beyond the source elec-
trode and the drain electrode respectively by the length of
0.5 um. A gate electrode 1s prepared from Ni/Au (50/150
nm).

Fifth Embodiment

For the novel enhancement-mode III-V heterojunction
field eflect transistor structurally provided with a composite
barrier layer in the embodiment, a substrate material com-
prises a S1 material and a low-temperature AIN bufler layer
grown on the S1 material, a second semiconductor layer
(with the thickness of about 2 um) 1s a GaN layer, the body
part (with the thickness of about 3 nm) of a first semicon-
ductor layer 1s AIN, an AIN intermediate layer (with the
thickness of about 1 nm) 1s arranged between the second
semiconductor layer and the body part of the first semicon-
ductor layer and used for improving the electrical property
of 2DEG each dielectric wall 1s a S10,, layer which 1s grown
through low-pressure chemical vapor deposition (LPCVD),
the number n of the dielectric walls 1s two, then the number
m of protrusions 1s one, the length of a window 1n the
connection direction of a source electrode and a drain
clectrode 1s 0.5 um, and the length of the window 1n the
direction perpendicular to the connection direction of the
source electrode and the drain electrode 1s 100 um. A first
dielectric layer 1s a S1,N, layer which 1s grown 1n situ, and
the thickness of the first dielectric layer 1s about 10 nm. The
source electrode and the drain electrode are all formed by
T1/Al/N1/Au (20/120/50/200 nm) through metal deposition
and high-temperature thermal annealing. The distance
between the source electrode and the drain electrode 1s 2.5
um. A gate electrode 1s prepared from Ni/Au (50/1350 nm).

S1ix Embodiment

For the novel enhancement-mode III-V heterojunction
field eflect transistor structurally provided with a composite
barrier layer in the embodiment, a substrate material com-
prises a S1C material and a low-temperature AIN butler layer
grown on the SiC material, a second semiconductor layer
(with the thickness of about 2 um) 1s a GaN layer, and the
first part (with the thickness of about 3 nm) of a first
semiconductor layer 1s an AIN layer. Each dielectric wall 1s
a 510, layer which 1s grown through LPCVD), the number n
of the dielectric wall 1s one, then the number m of the
protrusion 1s one, the length of a window 1n the connection
direction of a source electrode and a drain electrode 15 0.5
um, and the length of the window 1n the direction perpen-
dicular to the connection direction of the source electrode
and the drain electrode 1s 20 um. A first dielectric layer 1s a
S1,N, layer which 1s grown 1n situ, and the thickness of the
first dielectric layer 1s about 10 nm. The source electrode and
the drain electrode are all formed by T1/Al/Ni/Au (20/120/
50/200 nm) through metal deposition and high-temperature
thermal annealing. The distance between the source elec-
trode and the drain electrode 1s 2.5 um. A gate electrode 1s

prepared from Ni/Au (50/150 nm).
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The above embodiments are only used for assisting in
understanding the method and the core concept of the
present application. It should be pointed out that various
improvements and modifications of the present application
made by those ordinary 1n the field without deviating from
the principle of the present application are also within the
protection scope of the claims of the present application. The
modifications of the embodiments are obvious for those
skilled 1n the field, and the general principle defined by the
present application can be realized 1in other embodiments
without deviating from the spirit or the scope of the present
application. Therefore, the present application 1s not limited
to the embodiments provided above and can be as wide as
possible to include all embodiments consistent with the
principle and novel characteristics disclosed by the present
application.

What 1s claimed 1s:

1. A novel III-V heterojunction field effect transistor,
characterized by comprising a substrate layer, a second
semiconductor layer, a first semiconductor layer, a drain
clectrode, a source electrode, a first dielectric layer, second
dielectric layers and a gate electrode, wherein, the second
semiconductor layer 1s formed on the substrate layer, the
second semiconductor layer and the first semiconductor
layer are combined to form a heterostructure, the first
semiconductor layer has a greater bandgap compared with
the second semiconductor layer, the drain electrode and the
source electrode are constructed on the second semiconduc-
tor layer, and the drain electrode and the source electrode are
connected through the first semiconductor layer and are 1n
Ohmic contact with the first semiconductor layer, so that a
channel 1s formed;

the thickness of the first semiconductor layer 1s not greater

than the critical thickness of 2DEG formed on the
heterostructure, and thus natural 2DEG 1n the hetero-
structure 1s depleted;

the first dielectric layer 1s further arranged on the surface

of the first semiconductor layer, the gate electrode 1s
arranged on the first dielectric layer and covers the
channel 1n the full length direction, and the two edges
of the gate electrode extend out of the edges of the
sides, close to the channel, of the drain electrode and
the source electrode respectively; the second dielectric
layers are arranged between the gate electrode and the
drain electrode as well as between the gate electrode
and the source electrode.

2. The novel III-V heterojunction field effect transistor
according to claim 1, characterized in that the second
dielectric layers are only located on the edges, overlapping
with the drain electrode and the source electrode, of the gate
clectrode.

3. The novel III-V heterojunction field effect transistor
according to claim 1, characterized in that an intermediate
layer used for improving the mobility of two-dimensional
clectron gas on the heterojunction interface 1s further
arranged between the first semiconductor layer and the
second semiconductor layer, and preferably, the intermedi-
ate layer 1s an AIN layer.

4. The novel III-V heterojunction field effect transistor
according to claim 1, characterized in that the first semi-
conductor layer 1s an AlGaN layer or an AIN layer, and the
second semiconductor layer 1s a GaN layer.

5. The novel III-V heterojunction field effect transistor
according to claim 1, characterized in that the thickness of
the first semiconductor layer i1s smaller than 5 nm and
preferably 1s 1~5 nm.
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6. The novel III-V heterojunction field eflect transistor
according to claim 1, characterized in that the first dielectric
layer 1s a S1;N, layer which 1s grown in situ when a
heterostructure material 1s grown, and the thickness of the
first dielectric layer 1s 5~25 nm.

7. The novel II1I-V heterojunction field effect transistor
according to claim 1, characterized 1n that a third dielectric
layer 1s further arranged between the gate electrode and the
first dielectric layer.

8. The novel I1I-V heterojunction field effect transistor
according to claim 1, characterized in that each second
dielectric layer 1s a S10, layer.

9. The novel III-V heterojunction field eflect transistor
according to claim 1, characterized in that the edges of the
sides, towards the channel, of the second dielectric layers are
beyond the drain electrode and the source electrode respec-
tively by the length of 0~2 um.

10. A novel III-V heterojunction field effect transistor,
characterized by comprising a substrate layer, a first semi-
conductor layer, a second semiconductor layer, a dielectric
template layer, a drain electrode, a source electrode, a first
dielectric layer, second dielectric layers and a gate electrode,
wherein, the second semiconductor layer 1s formed on the
substrate layer, and the drain electrode and the source
clectrode are constructed on the second semiconductor
layer; the second semiconductor layer and the first semicon-
ductor layer body are combined to form a heterojunction
channel, and the two ends of the heterojunction channel are
connected with the drain electrode and the source electrode
respectively; the thickness of the first semiconductor layer
body 1s not greater than the critical thickness of 2DEG
formed on the heterojunction channel, and thus natural
2DEG 1n the heterojunction channel 1s depleted;

the first semiconductor layer comprises a body and n parts

of protrusions grown along the body, wherein n=1;
the dielectric template layer 1s arranged on the first
semiconductor layer body and provided with n win-
dows, and the n parts of protrusions are grown along
the n windows; through the protrusions, the thickness
of the first semiconductor layer exceeds the critical
thickness, so that 2DEG 1s formed in the projection
regions of the protrusions, and n 2DEG regions are
formed on the heterojunction channel at intervals; the
gate electrode 1s arranged on the first dielectric layer.

11. The novel III-V heterojunction field effect transistor
according to claim 10, characterized 1n that the two edges of
the gate electrode extend out of the edges of the sides, close
to the channel, of the drain electrode and the source elec-
trode respectively; the second dielectric layers are arranged
between the gate electrode and the drain electrode as well as
between the gate electrode and the source electrode respec-
tively.

12. The novel 11I-V heterojunction field eflect transistor
according to claim 10, characterized in that the dielectric
template layer 1s arranged on the first semiconductor layer
body and provided with n windows at equal intervals, and n
2DEG regions are formed on the heterojunction channel at
equal intervals.

13. The novel 11I-V heterojunction field effect transistor
according to claim 10, characterized 1n that in the gate length
direction, a dielectric wall 1s distributed between at least two
adjacent widows 1n the dielectric template layer, and the
dimension of at least one dielectric wall 1n the gate width
direction 1s equal to or greater than the gate width; the
protrusions are grown on the first semiconductor layer body
along the outer sides of the dielectric walls; through the
protrusion, the thickness of the first semiconductor layer
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exceeds the critical thickness, so that 2DEG 1s formed 1n the
projection regions ol the protrusions, and at least two
discontinuous 2DEG regions, namely the connected parts of
the edges of the source electrode and the drain electrode, are
formed on the heterojunction channel; the gate electrode
only covers the two-dimensional electron gas interruption
parts 1n the whole heterojunction channel.

14. The novel III-V heterojunction field eflect transistor

according to claim 10, characterized in that the protrusions
are distributed continuously or divided into m parts in the
growth direction, and m=1.

15. The novel III-V heterojunction field eflect transistor
according to claim 10, characterized in that the second
dielectric layers are only located on the edges, overlapping
with the drain electrode and the source electrode, of the gate
clectrode.

16. The novel I1I-V heterojunction field effect transistor
according to claim 10, characterized in that an intermediate
layer used for improving the mobility of 2DEG on the
heterojunction interface 1s further arranged between the first
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semiconductor layer and the second semiconductor layer,
and preferably, the intermediate layer 1s an AIN layer.

17. The novel 11I-V heterojunction field eflect transistor
according to claim 10, characterized in that the first semi-
conductor layer 1s an AlGaN layer of an AIN layer, and the
second semiconductor layer 1s a GaN layer.

18. The novel 11I-V heterojunction field eflect transistor
according to claim 10, characterized in that the first dielec-
tric layer 1s further arranged on the surface of the first
semiconductor layer, and the gate electrode 1s arranged on
the first dielectric layer.

19. The novel 11I-V heterojunction field eflfect transistor
according to claim 18, characterized 1n that the first dielec-
tric layer 1s a S1,N, layer which 1s grown in situ when a
heterostructure material 1s grown, and the thickness of the
first dielectric layer 1s 5~25 nm.

20. The novel III-V heterojunction field eflect transistor
according to claim 10, characterized in that the dielectric
template layer or each second dielectric layer 1s a S10, layer.

G o e = x
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